1. Introduction {#sec1}
===============

Diabetes mellitus (DM) has been widely recognized as an important modern-day disease, and cardiovascular complications are the leading causes of morbidity and mortality in DM patients. Impaired angiogenesis is thought to be a critical event contributing to the development of cardiovascular complications associated with diabetes \[[@B1]\]. Notably, there is agreement in the literature that endothelial progenitor cells (EPCs), the precursors of endothelial cells, may contribute to angiogenesis and endothelial repair \[[@B2], [@B3]\]. However, the number of EPCs is reduced and the function is impaired in patients with diabetes, with EPCs found to be defective in vascular repair, thus contributing to the progression of cardiovascular disease in this patients \[[@B4]--[@B6]\].

Oxidative stress is a major cause of various pathological processes in DM \[[@B7]\]. Early reports demonstrated that the number of EPCs was negatively correlated with oxidative stress, which resulted in diabetes-related EPC dysfunction \[[@B8]\]. Thus, oxidative stress may represent an important therapeutic target in the prevention of impaired vascular homeostasis in DM. Although discoveries made in the last decade have made it clear that oxidative stress is central to impaired angiogenesis, the endogenous mechanisms remain poorly understood.

Increasing evidence demonstrates that EPCs can be divided into two types: early and late EPCs. Early EPCs, which are generated by the culture of peripheral blood mononuclear cells in medium for approximately 4 days, exhibit higher levels of cytokine release and lower vessel growth compared with late EPCs. Interestingly, late EPCs obtained by long-term culture of early EPCs show greater vasculogenic potential and are regarded as "true EPCs" \[[@B9]\]. Thus, late EPCs were used to evaluate the effects of oxidative stress in this investigation.

It has been established that hyperglycemia promotes reactions between plasma proteins and glucose through a nonenzymatic process, leading to the formation of advanced glycation end productions (AGEs). AGEs are considered to be important mediators of diabetes and diabetic complications. In diabetes, AGEs accumulate in tissues at an accelerated rate and then contribute, at least in part, to the initiation and development of diabetic cardiovascular complications \[[@B10]--[@B12]\]. In the past decade, accumulating evidence has shown that AGEs promote oxidative stress in EPCs and then mediate EPC dysfunction in processes such as migration, tube formation, and apoptosis \[[@B13], [@B14]\].

High mobility group box-1 (HMGB-1), a nonchromosomal nuclear protein, is ubiquitously expressed in various cells including monocytes, cardiomyocytes, and endothelial cells. Once released into the serum in response to stresses such as high glucose conditions, HMGB-1 functions as a proinflammatory cytokine. Recent studies have indicated that oxidative stress promotes HMGB-1 release in various cells \[[@B15]\], resulting in the induction of reactive oxygen species (ROS) production in cardiomyocytes \[[@B16]\]. However, the role of HMGB-1 in diabetes-induced oxidative stress in late EPCs has received little attention. Thus, we hypothesized that diabetes induces the release of HMGB-1, which subsequently enhances oxidative stress in late EPCs. In the present study, HMGB-1 expression in serum and monocytes of diabetic mice was analyzed, and the role of HMGB-1 in AGE-induced oxidative stress in late EPCs was investigated in vitro.

2. Methods {#sec2}
==========

2.1. Induction and Assessment of Diabetes {#sec2.1}
-----------------------------------------

The experimental and feeding protocols were approved and conducted in accordance with the laws and regulations controlling experiments on live animals in China and the Asian Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes. Male C57BL/6 mice were purchased from the Model Animal Research Center of Nanjing University (China). Before injection of streptozotocin (STZ), the mice were weighed and the blood glucose was detected in a sample obtained from the tail vein using blood glucose monitoring system. Diabetes was induced in mice by consecutive intraperitoneal injections of STZ (40 mg/kg/day, Sigma-Aldrich, USA) for 5 days. After 3 days of STZ injection, blood glucose was determined as described previously. Mice with blood glucose levels \>13.9 mmoL/l in three consecutive measurements were considered to be diabetic. Mice treated with citrate buffer were used as nondiabetic controls. Sixteen mice were divided into the following two groups: normal nondiabetic group (N group, *n* = 8) and diabetic group (DM group, *n* = 8). Nonfasting blood glucose and weight were measured every month until the end of the experiment.

2.2. Measurement of Serum HMGB-1 Levels {#sec2.2}
---------------------------------------

At the end of this investigation, the mice were anesthetized and sacrificed by decapitation, and blood was collected for serum separation. Serum HMGB-1 concentrations were determined using a mouse HMGB-1 ELISA kit (USCN Life Science, China) according to the manufacturer\'s instructions.

2.3. Isolation of Monocytes from Mouse Bone Marrow {#sec2.3}
--------------------------------------------------

After the mice were sacrificed, the femurs and tibias were immediately excised and flushed with cold PBS. After centrifugation at 1,400 rpm for 5 min, the collected cells were filtered and resuspended in red blood cell lysing buffer. After 5 min, the cells were centrifuged at 1,500 rpm for 5 min. After three washing steps, the monocytes were used in Western blot analyses.

2.4. EPC Isolation and Characterization {#sec2.4}
---------------------------------------

The protocol was approved by the Ethical Committee of Institutional Ethics Committee of Nanjing University Medical School (China). EPCs were isolated from the peripheral blood of healthy volunteers as previously described \[[@B14], [@B17]\]. Briefly, peripheral blood mononuclear cells (PBMCs) were collected by Ficoll-Paque PLUS (GE Healthcare Life Sciences, USA) density gradient centrifugation of peripheral blood. PBMCs were resuspended in endothelial cell growth medium-2 (EGM-2) (Lonza, Switzerland) composed of endothelial cell basal medium-2 (EBM-2), 5% fetal bovine serum (FBS), and growth factors containing vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), insulin-like factor-1 (IGF-1), hydrocortisone, heparin, and ascorbic acid. After 4 days in culture, medium and nonadherent cells were removed; the medium was replaced every 3 days. After approximately 3 weeks, the "cobblestone" morphology observed by microscope indicated that the cells were late EPCs. These cells (passage \<5) were used in subsequent studies.

To confirm the late EPC phenotype, the cells were incubated with 5 *μ*g/mL 1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine-labeled low density lipoprotein (Dil-acLDL; Molecular Probes) for 2 h at 37°C and then fixed with 4% paraformaldehyde for 30 min. After being washed three times, the cells were incubated with 10 *μ*g/mL fluorescein-isothiocyanate-conjugated lectin (FITC-lectin; Sigma, USA) for 1 h at room temperature in the dark. Additionally, late EPC surface markers were detected by immunocytochemistry using FITC-CD34 (BD, USA), allophycocyanin-KDR (APC-KDR, R&D, USA), and rabbit anti-CXCR4 (Abcam, UK). Then, goat anti-rabbit Alexa Fluor 488 was used to detect the expression of CXCR4. Nuclei were stained with DAPI. The cells were observed by fluorescence microscopy (Olympus, Japan).

2.5. Western Blot Analysis {#sec2.5}
--------------------------

After being washed with cold PBS, the cells were resuspended in cell lysis buffer containing a cocktail of protease inhibitors (1 : 100; Sigma, USA). After centrifugation at 15,000 rpm for 10 min, the supernatant was collected and stored at −80°C for later use. The protein concentration of the cell lysate was detected using a BCA protein assay kit (Pierce, USA). Total cell proteins or cell supernatants were mixed with loading buffer and were heated in boiling water for 10 min. The proteins were then separated by SDS-PAGE, electrotransferred, and blotted onto polyvinylidene difluoride membranes. The membranes were blocked with 10% dried nonfat milk in 0.1% PBS-Tween-20 (PBST) for 2 h at room temperature and hybridized overnight at 4°C with anti-HMGB-1 (1 : 1,000, Bioworld Technology, USA), anti-p66shc (1 : 1,000, Santa Cruz, USA), and anti-sirt1 (1 : 500, Bioworld Technology, USA). Membranes were then washed with 0.1% PBST and incubated with appropriate secondary antibodies. The reactions were developed using enhanced chemiluminescence reagents and images were obtained by exposure to film. The bands were analyzed using BioRad Quantity One imaging software.

2.6. Evaluation of Intracellular ROS {#sec2.6}
------------------------------------

Fluorescent probe 2′-7′-dichlorofluorescin diacetate (DCFH-DA; Sigma, USA) was used to measure intracellular ROS generation in late EPCs plated in 6-well plates. After different treatments, the medium was removed and the cells were washed with PBS. The cells were then incubated with 5 *μ*mol/L DCFH-DA probe in serum-free medium at 37°C for 30 min. Intracellular ROS production was detected using a fluorescence microscope (Olympus, Japan).

2.7. Superoxide Dismutase Activity Determination {#sec2.7}
------------------------------------------------

The superoxide dismutase (SOD) activity in cell supernatants was evaluated using SOD assay kit (Jiancheng Bioengineering Research Institute, China) according to the manufacturer\'s instructions and was expressed as a percentage compared with the control group.

2.8. Statistical Analysis {#sec2.8}
-------------------------

Data were expressed as the means ± standard deviation (SD) and were analyzed with one-way ANOVA using SPSS 20.0 software (SPSS lnc., USA). *P* \< 0.05 was considered to indicate statistical significance.

3. Results {#sec3}
==========

3.1. Diabetes Induced Increased HMGB-1 in Serum and in Bone Marrow-Derived Monocytes from Diabetic Mice {#sec3.1}
-------------------------------------------------------------------------------------------------------

As shown in [Figure 1(a)](#fig1){ref-type="fig"}, diabetic mice exhibited increased blood glucose compared with normal mice; this high level was stably maintained until the mice were sacrificed. Furthermore, diabetes caused deleterious inhibition of normal weight gain during the present study ([Figure 1(b)](#fig1){ref-type="fig"}). [Figure 1(c)](#fig1){ref-type="fig"} showed the serum HMGB-1 levels in normal and diabetic mice. STZ-induced diabetic mice showed significantly higher serum HMGB-1 levels than those of normal mice. As monocytes are the main source of serum HMGB-1, HMGB-1 expression in monocytes from normal and diabetic mice was detected by Western blot analysis showing that HMGB-1 protein levels were significantly higher in monocytes from diabetic mice than those from nondiabetic mice ([Figure 1(d)](#fig1){ref-type="fig"}).

3.2. AGEs Induced HMGB-1 Upregulation in Late EPCs and in Cell Culture Supernatants {#sec3.2}
-----------------------------------------------------------------------------------

More than 90% of the attached cells that were double positive for Dil-acLDL uptake and lectin staining were characterized as late EPCs. Immunophenotyping revealed that late EPCs expressed CD34 and CXCR4, the surface antigens of progenitor cells, as well as KDR, which is a characteristic surface marker of endothelial cell ([Figure 2(a)](#fig2){ref-type="fig"}). AGEs were used to establish an in vitro diabetes model to investigate the role of HMGB-1 in diabetes-induced oxidative stress. HMGB-1 levels were measured in cell culture supernatants and in late EPCs exposed to AGEs. In order to screen the optimal stimulation concentration of AGEs, late EPCs were incubated with 50--400 *μ*g/mL AGEs for 24 h, using 400 *μ*g/mL BSA as a control. As shown in [Figure 2(b)](#fig2){ref-type="fig"}, AGEs induced the upregulation of HMGB-1 in late EPCs in a dose-dependent manner, and the effect reached the level of statistical significance at 100 *μ*g/mL. In addition, HMGB-1 in cell supernatants was significantly increased by exposure to AGEs at 100 *μ*g/mL or 200 *μ*g/mL ([Figure 2(c)](#fig2){ref-type="fig"}). Thus, in subsequent experiments, late EPCs were stimulated with 100 *μ*g/mL AGEs for 24 h.

3.3. Oxidative Stress Was Involved in AGE-Induced Increased HMGB-1 Expression {#sec3.3}
-----------------------------------------------------------------------------

To investigate the mechanism of AGE-induced oxidative stress in late EPCs, we determined the expression of sirt1 and p66shc in late EPCs. Our results showed that AGE-stimulated EPCs displayed significantly decreased sirt1 expression, and this effect was partly reversed by pretreatment with resveratrol, an activator of sirt1 ([Figure 3(a)](#fig3){ref-type="fig"}). p66shc, a critical protein regulating cellular oxidative stress responses, is considered to be the downstream of sirt1. Increased p66shc expression in AGE-stimulated EPCs was abrogated by resveratrol ([Figure 3(b)](#fig3){ref-type="fig"}). In addition, treatment with Ex527, a sirt1 antagonist, reversed the effects of resveratrol ([Figure 3(b)](#fig3){ref-type="fig"}), suggesting that the sirt1/p66shc pathway modulated oxidative stress in late EPCs in response to AGEs.

We next investigated whether AGEs induced HMGB-1 expression in late EPCs via ROS production by using NAC to inhibit oxidative stress induced in late EPCs by AGEs. The ROS generation in late EPCs demonstrated by DCFH-DA staining was significantly increased by AGE exposure; this effect was abrogated by N-acetylcysteine (NAC) treatment ([Figure 3(c)](#fig3){ref-type="fig"}). NAC abolished the stimulatory effect of AGEs on HMGB-1 expression in late EPCs ([Figure 3(d)](#fig3){ref-type="fig"}), suggesting that AGEs induce HMGB-1 expression in late EPCs via oxidative stress.

3.4. Inhibition of HMGB-1 Attenuated Oxidative Stress Induced by AGEs in Late EPCs {#sec3.4}
----------------------------------------------------------------------------------

Glycyrrhizin was used to block the stimulation of HMGB-1 to determine its role in AGE-induced oxidative stress detected by intracellular p66shc expression and superoxide dismutase (SOD) activity in cell culture supernatants. Treatment of late EPCs with glycyrrhizin abrogated AGE-induced upregulation of p66shc expression ([Figure 4(a)](#fig4){ref-type="fig"}). Furthermore, the decreased SOD activity induced by AGEs was reversed by the glycyrrhizin administration ([Figure 4(b)](#fig4){ref-type="fig"}). Similar to p66shc, AGE-induced dysregulation of sirt1 expression was suppressed by the inhibition of HMGB-1 ([Figure 4(c)](#fig4){ref-type="fig"}).

4. Discussion {#sec4}
=============

In the present study, we demonstrate for the first time that AGEs induce HMGB-1 expression in late EPCs via sirt1/p66shc-mediated oxidative stress and that the inhibition of HMGB-1 attenuates sirt1/p66shc pathway activity and oxidative stress in late EPCs exposed to AGEs. Thus, we conclude that HMGB-1 may amplify sirt1/p66shc pathway signaling and oxidative stress reactions in late EPCs induced by AGEs ([Figure 5](#fig5){ref-type="fig"}).

HMGB-1 is a nuclear DNA-binding protein that regulates gene transcription and maintains the nucleosome structure. Under stress conditions, HMGB-1 is released from the cell and functions as a multifunctional cytokine that contributes to various pathophysiological processes.

Accumulating clinical and experimental evidence demonstrates the presence of elevated serum HMGB-1 in diabetic patients and increased HMGB-1 expression in diabetic animals \[[@B18]--[@B20]\]. Furthermore, a recent study showed that plasma HMGB-1 levels were increased in Chinese subjects with pure type 2 DM \[[@B21]\]. In accordance with previous studies, the current investigation demonstrated that serum HMGB-1 levels were significantly higher in STZ-induced diabetic mice compared with their nondiabetic counterparts. It is worth mentioning that increased HMGB-1 expression was also observed in bone marrow-derived monocytes from diabetic mice. It can be speculated that EPCs from diabetic mice also exhibited higher HMGB-1 expression because the EPCs were predominantly mobilized from bone marrow. Although we did not detect expression of HMGB-1 in EPCs from diabetic mice directly, our in vitro studies demonstrated that HMGB-1 expression increased significantly and dose dependently in late EPCs following the exposure to AGEs and was accompanied by an increase in the levels detected in cell culture supernatants. This is in accordance with previous reports that hyperglycemia induced HMGB-1 expression in endothelial cells, vascular smooth muscle cells, and cardiomyocytes \[[@B22]--[@B24]\]. In addition, the underlying mechanism by which diabetes induces HMGB-1 was investigated in this study.

Oxidative stress has been reported to be involved in active HMGB-1 secretion \[[@B15], [@B25]\], and HMGB-1 in animal models is inhibited by antioxidants such as resveratrol \[[@B19], [@B26]\]. As oxidative stress is a central step leading to EPC dysfunction in diabetes and thus contributes to cardiovascular impairment \[[@B1], [@B27]\], we hypothesize that diabetes induces the upregulation and release of HMGB-1 in late EPCs via oxidative stress. As shown in [Figure 3](#fig3){ref-type="fig"}, production of both HMGB-1 and ROS induced by AGEs in late EPCs was partially abolished by treatment with NAC, suggesting that oxidative stress is involved in AGE-induced HMGB-1 expression and that HMGB-1 production occurs downstream of ROS production in late EPCs stimulated by AGEs.

RAGE belongs to an immunoglobulin superfamily of cell surface molecules with the capacity to bind to a number of ligands such as AGEs, HMGB-1, amyloid fibrils, and S-100 proteins and is involved in a variety of cellular functions \[[@B28]\]. It is generally accepted that RAGE activation contributes to oxidative stress in diabetes \[[@B13], [@B29]\]. HMGB-1 is a well-known non-AGE ligand for RAGE and can induce endothelial dysfunction \[[@B30]\]; therefore, HMGB-1 may cause increased ROS generation in late EPCs.

Oxidative stress is defined as an imbalance between ROS generation and antioxidant defenses. The adaptor protein, p66shc, promotes ROS production \[[@B31], [@B32]\], while SOD functions as an intracellular enzymatic antioxidant by scavenging excess oxygen-free radicals. Thus, p66shc expression in late EPCs and SOD activity in cell culture supernatants were determined to evaluate the effects of glycyrrhizin on oxidative stress induced in late EPCs by AGEs. In accordance with the findings of others \[[@B33], [@B34]\], the present study showed dysregulation of p66shc expression and SOD activity in AGEs-stimulated late EPCs. Furthermore, the changes in p66shc and SOD activity were partly normalized by inhibiting HMGB-1 with glycyrrhizin, suggesting that HMGB-1 mediates oxidative stress induced in late EPCs by AGEs. In accordance with this speculation, Feng demonstrated that HMGB-1 mediated endothelial activation by oxidative stress responses via the RAGE pathway \[[@B30]\]. Furthermore, Zhang recently showed that HMGB-1 induced a marked increase in intracellular ROS in cardiomyocytes \[[@B16]\]. All these observations indicate that HMGB-1 stimulates oxidative stress in a variety of cell types.

Sirt1, a mammalian homologue of sir2, was identified as a key mediator of various diseases. Accumulating evidence suggests that sirt1 promotes cellular resistance to oxidative stress associated with diabetes. In the current investigation, we demonstrated that AGE treatment significantly decreased sirt1 expression in late EPCs, while resveratrol, an activator of sirt1, normalized the downregulated sirt1 expression. Furthermore, resveratrol treatment inhibited AGE-induced p66shc expression in late EPCs, although the effect was lost when AGE-stimulated late EPCs were pretreated with the sirt1 antagonist, Ex527. In accordance with previous observations that p66shc modulates oxidative stress in EPCs in response to high glucose \[[@B33]\], our results confirm that AGEs induce increased p66shc expression in late EPCs via downregulation of sirt1.

5. Conclusions {#sec5}
==============

The results of the present study, together with the previous findings, indicate that HMGB-1 is not only an effector of oxidative stress, but also an inducer of oxidative stress in diabetes-induced late EPCs. In addition, targeting HMGB-1 with glycyrrhizin to inhibit oxidative stress is implicated as an attractive therapeutic strategy for impaired function of late EPCs in DM.
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![Blood glucose, body weight, and HMGB-1 expression in normal and diabetic mice. (a, b) Blood glucose and body weight in normal and diabetic mice. (c) Serum HMGB-1 levels in normal and diabetic mice. (d) Expression of HMGB-1 in bone marrow-derived monocytes in normal and diabetic mice. ^*∗*^ *P* \< 0.05 and ^*∗∗*^ *P* \< 0.01 DM group versus N group (*n* = 8 per group). N: normal mice. DM: diabetic mice.](OMCL2016-1943918.001){#fig1}

![Expression of HMGB-1 in late EPCs and cell supernatants induced by AGEs at different concentrations. (a) Late EPCs were shown to endocytose Dil-acLDL and bind to lectin. Late EPCs showed a typical "cobblestone" morphology in phase-contrast inverted microscopy after approximately 3 weeks of culture and were positive for expression of CD34, KDR, and CXCR4. (b) Effect of AGEs on HMGB-1 expression in late EPCs. (c) HMGB-1 protein expression in cell culture supernatants of late EPCs exposed to AGEs. Scale bar = 20 *μ*m. ^*∗∗*^ *P* \< 0.01 versus control group, *n* = 3. BF: bright field; BSA: bovine serum albumin.](OMCL2016-1943918.002){#fig2}

![Inhibition of oxidative stress by NAC attenuated HMGB-1 expression in late EPCs. (a) AGE-induced downregulation of sirt1 was partly normalized by resveratrol. (b) Inhibition of sirt1 by Ex527 decreased p66shc expression in AGE-stimulated late EPCs. (c) DCFH-DA staining showing that pretreatment with NAC inhibited ROS production in late EPCs. (d) NAC suppressed HMGB-1 expression in AGE-stimulated late EPCs. ^*∗*^ *P* \< 0.05 between the two groups and ^*∗∗*^ *P* \< 0.01 between the two groups. NS: no difference between the two groups, *n* = 3. Scale bar = 25 *μ*m.](OMCL2016-1943918.003){#fig3}

![Glycyrrhizin normalized the dysregulated p66shc expression in AGEs treated late EPCs and the dysregulated SOD activity in cell culture supernatants. (a) The increased p66shc expression induced by AGEs was abrogated by glycyrrhizin treatment. (b) Treatment of late EPCs with glycyrrhizin reversed the decreased SOD activity induced by AGEs. (c) Glycyrrhizin attenuated the AGE-induced decrease in sirt1 expression in late EPCs. ^*∗*^ *P* \< 0.05 versus control group, ^*∗∗*^ *P* \< 0.01 versus control group, ^\#^ *P* \< 0.05 versus AGEs group, and ^\#\#^ *P* \< 0.01 versus AGE group, *n* = 3. Gly: glycyrrhizin.](OMCL2016-1943918.004){#fig4}

![Hypothetical diagram of HMGB-1-mediated enhancement of oxidative stress induced in late EPCs by AGEs. AGEs induced ROS production via the sirt1/p66shc pathway and then promoted HMGB-1 release from the late EPCs. Extracellular HMGB-1 augmented ROS production via binding to RAGE and signaling through the sirt1/p66shc pathway.](OMCL2016-1943918.005){#fig5}
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